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ABSTRACT: The phase (solid, semisolid, or liquid) of atmospheric
aerosols is central to their ability to take up water or undergo heterogeneous
reactions. In recent years, the unexpected prevalence of viscous organic %\
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present in atmospheric particles via studies of bulk materials. However, at the
most important sizes for cloud nucleation (~50—500 nm), particles are
complex mixtures of numerous organic species, inorganic salts, and water
with substantial particle-to-particle variability. To date, direct measurements
of T, have not been feasible for individual atmospheric particles. Herein,
nanothermal analysis (NanoTA), which uses a resistively heated atomic force
microscopy (AFM) probe, is combined with AFM photothermal infrared
(AFM-PTIR) spectroscopy to determine the T, and composition of individual particles down to 76 nm in diameter at ambient
temperature and pressure. Laboratory-generated proxies for organic aerosol (sucrose, ouabain, raffinose, and maltoheptaose) had
similar T, values to bulk T, values measured with differential scanning calorimetry (DSC) and the T, predictions used in
atmospheric models. Laboratory-generated phase-separated particles and ambient particles were analyzed with NanoTA + AFM-
PTIR showing intraparticle variation in composition and T, These results demonstrate the potential for NanoTA + AFM-PTIR to
increase our understanding of viscosity within submicrometer atmospheric particles with complex phases, morphologies, and

compositions, which will enable improved modeling of aerosol impacts on clouds and climate.
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O rganic species are ubiquitous within atmospheric
aerosols and are both directly emitted to the atmosphere
and formed secondarily through reactions that lower the vapor
pressure of volatile species, causing them to condense on or
react with existing aerosol transferring mass to the condensed
phase. Individual particles can contain thousands of species in
a single 100 nm particle, leading to a complex mixture of
organic molecules, inorganic salts, and water." Organic material
is a significant component of atmospheric aerosols, accounting
for greater than 50% of the mass of particulate matter less than
2.5 um in diameter (PM,;).” These organic species play a
central role in determining the impacts of atmospheric aerosols
on climate, air quality, and human health by scattering solar
radiation, nucleating cloud droplets, and depositing deep in the
lungs.' ™

Traditionally, organic-containing atmospheric aerosols were
assumed to be liquid, with a homogeneous mixture of water,
organics, and salts. However, recent studies show that they are
much more complex, with semisolid and solid organic phases
observed,”” as well as liquid—liquid phase separations.
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Atmospheric observations measured the fraction of ambient
solid organic particles bouncing off of smooth, hard surfaces
and demonstrated solid particles at the key sizes for aerosol
climate impacts (50—500 nm).*” Laboratory studies of bulk
materials used as proxies for atmospheric organic species
showed viscosities (17) ranging from that of liquid water (1073
Pa s) to glass marbles (>10" Pa s) using differential scanning
calorimetry (DSC).*” High viscosities slow atmospheric
chemical reactions as they decrease diffusion and mixing
time scales within particles,”'* as predicted by the Stokes—
Einstein equation for particles with viscosities from 107> to
10'2 Pas.""'* Direct measurements were developed to confirm
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these predictions, including the poke-and-flow technique (10 <
7 < 10° Pa's)'" and bead-mobility method (107 < 5 < 10° Pa
S) for large droplets (>30 um)."’ Further approaches have
included particle coalescence in aerosol optical tweezers'* and
broadband dielectric spectroscopy.15 However, these methods
have been limited to larger particles, films, or bulk materials
and are not able to probe individual particles at the sizes of
typical organic aerosol in the atmosphere (mode ~100 nm).
Thus, methods are needed to probe viscosities in individual
submicrometer atmospheric particles.

Glass transition temperature (T,) is a frequently used
parameter to describe phase states,® representing a non-
equilibrium phase transition from a liquid or semisolid state to
a glassy solid state when the temperature decreases. Atomic
force microscopy (AFM) has been used to monitor surface
tension and probe phase through indentation using force
curves,'®"” but without chemical information, understanding
complex atmospheric particles can be challenging. Atmos-
pheric models attempting to predict organic aerosol phase
states as a function of chemical composition have used the T,

g
of available proxies for organic aerosols to predict T, based on

molecular weight (MW) or elemental formulae (Cgle),OZ).18
Models of organic aerosol phases predict that particles are
mostly liquid or semisolid in the planetary boundary layer,' >’
but examples of unexpectedly semisolid”' and solid** aerosols
continue to be observed. Thus, new approaches are needed to
directly measure T, and composition at important sizes for the
atmosphere (<1 ym).

As impacted particles spread leading to a larger projected
area diameter, the volume of individual particles was obtained
via SPIP 6.2.6 software (Image Metrology, Hersholm,
Denmark) to determine the volume equivalent diameter
(Dye), which can be related to the more atmospherically
relevant aerodynamic diameter (d,). Herein, we use nano-
thermal analysis (NanoTA) to determine the T, of individual
particles down to less than 100 nm (volume equivalent
diameter). Directly measuring the melting temperature (T,,)
and converting to T, via the Boyer—Beaman rule” has been
used to determine the T, of many organic materials (not all
will have a T,). NanoTA uses a resistively heated AFM
probe,”* and deflection (Figure 1a) is monitored during a
controlled temperature ramp. Sucrose, a common proxy for
viscous organics in the atmosphere,” was aerosolized and
inertially impacted onto silicon wafers using a microanalysis
particle sampler (MPS-3, California Measurements, Inc.) on
the smallest stage with a size cut at d, = 400 nm.”® At the T,
the particle melts sufficiently for the probe to sink in creating
an indentation (Figure 1b). The thermal analysis was
combined with chemical information using AFM photothermal
infrared (PTIR) spectroscopy. AFM-PTIR can obtain IR
spectra for particles less than 100 nm,”**” as shown for sucrose
(Figure 1c). IR vibrational modes observed include (C—C) at
929 ecm™}, ¥(C—0) at 997 cm™), 1055 and 1111 cm™}, and
5(C—O—H) at 1437 cm™’, similar to traditional IR spectra for
sucrose.” %%

The NanolIR3 system integrated with a nanothermal analysis
(NanoTA) module (Bruker, Santa Barbara, CA) was operated
in contact mode for thermal analysis. The resistively heated
thermal probes (20—30 nm tip) (VITA-HE-NANOTA-200;
ThermaLever AN2—300, Bruker) were calibrated before each
session using three polymeric materials with sharp melting
points: polycaprolactone (PCL, T,, = 55 °C), high-density
polyethylene (HDPE, T, = 116 °C), and polyethylene
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Figure 1. (a) Deflection of nanothermal analysis(NanoTA) atomic
force microscopy (AFM) probe during a temperature ramp and
cartoon depicting probe deflection at different temperatures for an
individual sucrose particle approaching the melting temperature (T).
(b) AFM 3D height image of representative submicrometer sucrose
particle before and after NanoTA analysis (volume equivalent
diameter, d,,, 150 nm); the red circle represents the location where
the thermal probe melted the particle. (c) Averaged PTIR spectrum of
submicrometer individual sucrose particles. Molecule was drawn in
ChemDraw.

terephthalate (PET, T, = 235 °C) (Figure S1). Details
about aerosol generation, DSC measurements with temper-
ature ramp (Figure S2), chemical characterization, and the T,
model are available in the Supporting Information.

To confirm the ability of NanoTA to probe multiple
compounds representative of viscous organic species in the
atmosphere, sucrose, ouabain, raffinose, and maltoheptaose
were aerosolized and impacted. Particles between 76—611 nm
were analyzed (Figure 2a), which cover a key size range for
organic particles in the atmosphere. The average T, values are
shown in Figure 2b and are converted to T, which agree with
previous studies.”**" Individual temperature ramps for single
particles are shown in Figure S3. Similar melting temperatures
were observed for ouabain and raffinose particles (140 and 143
°C, respectively), which have similar molecular weights (584
and 594.5 g/mol, respectively). To compare with more
traditional methods for determining T,, aerosolized samples
were also collected and analyzed for T,, (and converted to Tg)
using DSC (model Q2000, equipped with a RCS90 accessory,
TA Instruments) (Figure 2c). Ouabain, raffinose, and
maltoheptaose DSC results were within uncertainty of the
NanoTA results, while NanoTA of sucrose was slightly lower.
This indicates differences between the particles analyzed by
NanoTA and the DSC sample consisting of wet aerosol
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Figure 2. (a) AFM height images of submicrometer sucrose, ouabain,
raffinose, and maltoheptaose particles. (b) Average melting temper-
ature of 20 individual particles from AFM thermal analysis
measurements. (c) Glass transition temperature of sucrose, ouabain,
raffinose, and maltoheptaose measured by NanoTA, DSC, and model
calculation. Maltoheptaose T, was measured for a pure powder by

g
DSC (not an aerosolized and impacted sample).

collected on the DSC pan (3 mg required). The difference was
likely due to water trapped within the drying sucrose particles
prior to recrystallization,”" which was observed in the DSC at
100 °C, as well as via a v(OH) stretch of the PTIR spectrum,
or changes in morphology.”” For maltoheptaose, DSC could
not obtain a T, for aerosolized particles, also due to water.
Thus, pure maltoheptaose powder was analyzed via DSC, of
the type used to generate the maltoheptaose particles analyzed
by NanoTA. Water is a plasticizer, and its presence changes the
viscosity of aerosols. This plasticization represents a challenge
for using DSC to analyze aerosols and highlights the beneficial
ability of NanoTA to directly probe water-containing particles
as a significant strength. The NanoTA results were also
compared with modeled T, using the approach described in
DeRieux et al,”” which predicts CH and CHO compounds
using the number of different C, H, and O atoms. The
estimated T, from the model are higher than the measure-
ments, suggesting that there are significant differences of T,
between bulk material and individual aerosol particles.

In the atmosphere, particles are frequently not homogeneous
and have more complex morphologies (i.e., core—shell or
partially engulfed). NanoTA was used to examine particles
with ammonium sulfate cores and polyethylene glycol (PEG)
shells. A height map was obtained (Figure 3a), which was
collected in contact mode, and the PEG acts as a thick coating
over the ammonium, as shown by the cartoon in Figure 3a and
observed previously.”* A NanoTA line scan was performed
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Figure 3. (a) AFM height image of PEG/AS particles with line scan;
each marker represents the location of where a T ramp was collected.
The different colors represent the center(red) and edge (green) of the
particle and substrate (purple). (b). Individual T ramps of the line
scan correspond to (a). (c) AFM 3D image of the same particle after
NanoTA analysis. (d) T,, as a function of particle distance. (e) AFM
height image of multiple PEG/AS particles; color dots represent the
locations of where T ramps were collected. (f) T ramps of particles in
(e). Note that for (c) the z axis length is different than the x and y
axes lengths to improve visualization.

with temperature ramps collected at 0.3 um steps across the
PEG-coated particle (Figure 3b). The holes caused by the
AFM heating probe in the PEG after the line scan are shown in
Figure 3c. The T, obtained at each point of the line scan
demonstrates that the thermal probe was able to fully penetrate
the PEG and reach the silicon on the edge of the particle with
146 nm thickness, but it was not able to melt through to the
core due to the thick coating in the center of the particle.
(Figure 3d). To explore the reproducibility of the method and
the ability to probe smaller aerosol sizes, multiple individual
particles with D,, 80—300 nm were imaged (Figure 3e) and
analyzed by NanoTA (Figure 3f). T, ramps were conducted at
the center and edge of individual particles. Representative
PTIR spectra of the edge and core were collected to confirm
the PEG layer (Figure S4), and our results suggests that the
NanoTA probe deflection maxima correspond to melting the
shell. This results in similar melting temperatures for the edge
and center of 70 °C, corresponding to the T, of PEG. At the
edge of the particle, the thermal probe melted the PEG and
reached the silicon substrate at 80 °C and turned over again at
160 °C (similar to the substrate). PTIR spectral maps were
collected at 930 cm™ to identify PEG and at 1400 cm™" for the
S8(NH,") of ammonium sulfate, which show different spatial
distributions of chemical compositions (Figure S5) but
highlight PEG covering the entire particle.

To demonstrate that this method can be applied to complex
atmospheric particles, individual ambient particles were
collected and analyzed with NanoTA for the first time. Particle
sizes ranged from 76—186 nm (D,.), and core—shell
morphologies of ambient particles were observed through a
combination of height (Figure 4a) and deflection (Figure 4b)
images. Both temperature ramps and PTIR spectra were

collected to determine the T, of the particles and to
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Figure 4. (a) AFM 3D image of ambient particles. (b). AFM
deflection image. (c) T,, ramp for particle core (blue) and shell
(green). (d) AFM-PTIR spectra of particle core (blue) and shell
(green).

understand their chemical compositions (Figure 4c, d).
Distinct melting temperatures showed that the shell had a
relatively lower T, at 84 °C and the particle core was 120 °C
(Figure 4c). This result illustrates that the organic shell is more
likely to be in the liquid or semisolid phase, and the core is
more likely to be in a solid phase (likely dried between
collection and analysis). Modes at 1104 and 1412 cm™ in the
particle core represent ,,(SO,>”) and 6(NH,"),*® respectively,
indicative of ammonium sulfate, which is common in
atmospheric particles. The T, values of ammonium bisulfate
particles were measured, which is similar to the temperature we
observed for the ammonium sulfate core of ambient particles
(Figure S6). For the shell, modes at 1336 and 1732 cm™" were
assigned to 8(C—H) and v(C=O0), respectively,”® which
suggest organic compounds in the shell The combined
chemical information and T, measurements on authentic
submicrometer ambient particles show the potential to study
atmospheric particles with complex physicochemical proper-
ties.

The application of nanoscale thermal analysis to submi-
crometer solid and semisolid particles is an important
measurement science advancement for aerosol particle analysis.
This capability is particularly needed for viscous and solid
ultrafine (<100 nm) and accumulation mode (100—1000 nm)
aerosols, which are being observed in unexpected locations,
including exhaled virus-containing particles in indoor environ-
ments,”! along the humid coastline of the Alaskan Arctic,”” and
in midlatitude regions.”” The detailed analyses of well-
characterized proxies for viscous organic aerosol (e.g., sucrose)
and comparison with DSC and model-predicted T, values
demonstrate the potential of NanoTA. T, from measurements
combined with PTIR spectra®® will provide a key experimental
constraint, as predictions of organic species viscosities have not
previously been constrained in atmospheric models. NanoTA

was applied to study submicrometer single-component model
systems, phase-separated particles, and ambient aerosol
particles for the first time. By obtaining particle size,
morphology, phase, chemical composition, and melting
temperature simultaneously, NanoTA + AFM-PTIR will
advance our understanding of aerosol particles with broad
impacts on global climate and human health.
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